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In Arabidopsis thaliana, adenosine-50-phosphosulfate kinase (APK) provides activated sulfate for
sulfation of secondary metabolites, including the glucosinolates. We have successfully isolated three
of the four possible triple homozygous mutant combinations of this family. The APK1 isoform alone
was sufﬁcient to maintain WT levels of growth and development. Analysis of apk1 apk2 apk3 and
apk1 apk3 apk4 mutants suggests that APK3 and APK4 are functionally redundant, despite being
located in cytosol and plastids, respectively. We were, however, unable to isolate apk1 apk3 apk4
mutants, most probably because the apk1 apk3 apk4 triple mutant combination is pollen lethal.
Therefore, we conclude that APS kinase is essential for plant reproduction and viability.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Sulfur is essential for plant growth. Plants take up sulfur from
the soil in the form of sulfate via sulfate transporters. Sulfate is ﬁrst
activated into adenosine-50-phosphosulfate (APS) by ATP sulfury-
lase (ATPS). APS can then be used in two ways: it can be sequen-
tially reduced by APS reductase and sulﬁte reductase to sulﬁte
and sulﬁde, and incorporated into O-acetylserine to form cysteine
(for a recent review see [1]). APS can also be phosphorylated to
30-phosphoadenosine-50-phosphosulfate (PAPS) by the action of
APS kinase (APK). PAPS is the activated sulfate donor for the crea-
tion of sulfated secondary metabolites, which are formed by sulfo-
transferase (SOT) enzymes. The SOTs transfer the sulfate group
from PAPS onto free hydroxyl groups of appropriate acceptor mol-
ecules. Sulfated plant metabolites include glucosinolates, phy-
tosulfokines (PSKs), and some hormones and ﬂavonoids.
In Arabidopsis, many of the enzymes required for assimilation
of sulfate are present in multiple-isoforms. To dissect the roles of
individual members of these gene families and the levels of func-
tional redundancy within each family, T-DNA insertion lines have
proved invaluable [2–5]. Creation of multiple knockout lines in a
gene family can reveal to what extent functional redundancy existschemical Societies. Published by E
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opriva).within the family, and if any of the family members are dispens-
able or essential, for example as recently shown in the case of
the sulfate transporter, serine acetyltransferase and O-acetylserine
thiollyase gene families [2–5]. Additional information can also be
gleaned when there are two or more subcellular locations of the
gene products. The creation of multiple knockouts can speciﬁcally
eliminate particular subcellular pools of enzyme activities leading
to insights into intracellular transport of metabolites [3–5].
We recently demonstrated that from four isoforms of APK in
Arabidopsis, APK1 and APK2 provide the majority of PAPS for the
sulfation of secondary metabolites, including the glucosinolates
[6]. The glucosinolates are sulfur-rich compounds found in the
Brassicaceae, with well-demonstrated roles in plant defence and
human nutrition [7–10]. The biosynthesis and regulation of these
compounds is well-characterized in Arabidopsis [10–12]. The sul-
fation of the desulfo-glucosinolate precursors using PAPS as the
sulfate donor is the ﬁnal step of glucosinolate synthesis [13].
In Arabidopsis, APK1 and APK2 are both localized in plastids;
there is a further plastidial isoform, APK4, and a cytosolic one,
APK3 [6]. The apk1 apk2 double mutant contains reduced levels
of sulfated glucosinolates but it can still synthesize approximately
15% of the WT concentration of these compounds, therefore, APK3
and/or -4 must be able to provide PAPS for sulfation of these
metabolites [6]. To assess what contribution each of the four APK
isoforms make to the total PAPS pool, and to compare the impor-
tance of chloroplast and cytosol for PAPS production, we created
further multiple apk knock-outs.
Here we describe the successful generation and analysis of three
of the four possible triple T-DNA insertion mutant combinations oflsevier B.V. All rights reserved.
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mutants indicates that APK is an essential enzyme. Comparison of
the triple mutant phenotypes and metabolites with WT and apk1
apk2 double mutant plants suggests that APK1 alone is sufﬁcient
to sustain WT growth of Arabidopsis, and that APK3 and APK4, de-
spite residing in different subcellular compartments, are function-
ally equivalent.Table 1
Crossing of homozygote double knock-outs to create triple knock-outs.
Parent 1 Parent 2 Triple knockout Annotationa
apk2 apk4 apk2 apk3 apk2 apk3 apk4 Tr1
apk1 apk4 apk3 apk4 apk1 apk3 apk4 Tr2
apk1 apk4 apk2 apk4 apk1 apk2 apk4 Tr3
apk1 apk3 apk2 apk3 apk1 apk2 apk3 Tr4
a Annotation indicates which APK isoform remains, nomenclature according to
[4].2. Materials and methods
2.1. Plant materials and growth conditions
Arabidopsis thaliana (ecotype Columbia) plants were used as WT
in this study. Unless otherwise stated, all plants were grown in a
controlled environment room (CER) under a short day 10-h-light/
14-h-dark cycle at constant temperature of 22 C, 60% relative
humidity, and light intensity of 160 lmol m2 s1. A minimum of
four whole rosettes were harvested at 5 weeks old and immedi-
ately frozen in liquid nitrogen. Tissue was then either freeze-dried
(for glucosinolate analysis) or ground under liquid nitrogen in a
pestle and mortar (for RNA extraction, enzyme activity and thiol
measurements).
2.2. DNA extraction and ampliﬁcation for screening F2 progeny
One hundred and twenty F2 seeds from each cross were planted
and screened at one segregating locus by PCR as described in [6].
Plants found to be homozygous at this locus were then screened
with a marker for the second segregating locus as described in [6].
2.3. Creation of APKPRO:GUS fusion constructs and plant
transformation
To generate reporter constructs, the promoter regions of the
APK [3 kbp (APK1 and APK3) and 3.5 kbp (APK2 and APK4) upstream
of the ATG], genes were ampliﬁed from genomic DNA of A. thaliana
with speciﬁc primers (Supplementary Table S1) and cloned into the
binary vector pKGWFS7 [14] using the Gateway system (Invitro-
gen). Arabidopsis Col-0 plants were transformed by Agrobacte-
rium-mediated transformation, and homozygous lines were
selected as previously described [6]. GUS staining of pollen was
carried out according to standard protocols [15].
2.4. RNA extraction and expression analysis
To verify absence of APK transcripts in the triple knockouts total
RNA was isolated from leaves by phenol:chloroform:isoamylalco-
hol (25:24:1) extraction and LiCl precipitation. Aliquots of 500 ng
cDNA were reverse transcribed and subjected to PCR with primers
speciﬁc to individual isoforms and 35 cycles as previously de-
scribed [6].
2.5. Glucosinolate analysis of apk mutants
Glucosinolates were extracted from 20 mg crushed freeze-dried
leaf material. Quantiﬁcation of intact glucosinolates followed the
protocol described in [16]. Brieﬂy, samples were extracted in 70%
methanol (v:v) containing the internal standard sinigrin. After cen-
trifugation, the supernatants were loaded onto columns of DEAE-
Sephadex. The columns were washed with water and 20 mM acetic
acid. Bound intact glucosinolates were desulfated with sulfatase
overnight. Desulfo-glucosinolate extracts after elution of the col-
umns were separated by reversed-phase HPLC and quantiﬁed by
UV absorption at 229 nm relative to the internal standard using
response factors.2.6. Enzyme assays
APS reductase activity was determined as the production of
[35S] sulﬁte, assayed as acid volatile radioactivity formed in the
presence of [35S] APS and dithioerythritol as reductant [17].
ATPS was measured as the APS and pyrophosphate-dependent
formation of ATP [18]. The protein concentrations were deter-
mined according to Bradford with bovine serum albumin as a
standard.
2.7. HPLC analysis of low molecular weight thiols
Thiols were determined in 20–30 mg of leaf material by a stan-
dard HPLC method as described in [6].3. Results
3.1. Creation of triple mutants of APK
To compare the biological functions of the individual APK
isoforms we aimed to obtain plants with a single APK isoform
remaining. Such triple mutants were created by crossing homo-
zygote double knock-out parents [6] that shared an insertion at
a common locus (Table 1). This ensured that all the F2 progeny
from such a cross would be homozygous at the common locus
and segregating at the other two loci. F2 populations from the
four crosses were screened using PCR-based genotyping. Three
of the four possible triple knock-out combinations were isolated.
These we named according to which isoform was remaining
similar to the nomenclature adopted by [4], i.e. Tr1 (apk2 apk3
apk4); Tr3 (apk1 apk2 apk4); and Tr4 (apk1 apk2 apk3)
(Table 1) Absence of the relevant transcripts was conﬁrmed by
RT-PCR (data not shown).
3.2. APK2 alone is not sufﬁcient for viability of Arabidopsis pollen
Whilst we had success in identifying three out of the four triple
mutant combinations, the fourth combination, Tr2, was more elu-
sive. Screening of 120 F2 plants failed to identify a triple homozy-
gote. We only succeeded in isolating individual plants homozygous
at apk1 and -4, but heterozygous at apk3. Seeds from four of these
plants were sown on the assumption that a quarter of the progeny
would be Tr2 triple homozygotes. The germination rate of seeds
from these four plants was above 90%, and a total of 261 plants
were genotyped at apk3. None of these seedlings were homozy-
gous at this locus. The segregation ratios of the progeny from each
parent was not signiﬁcantly different from 1:1 WT:heterozygote
(Table 2), which together with the high germination rate indicates
that the Tr2 triple homozygous combination is pollen lethal. Thus,
in contrast to the other three isoforms, APK2 alone is not able to
support normal development of Arabidopsis. Since we could not
recover this combination of triple knock-outs, it was obvious that
APK is essential for growth even without attempts to create the
quadruple apk knockout.
Table 2
Segregation ratios of the progeny of selfed plants homozygous at apk1 and apk4,
heterozygous at apk3 and WT at apk2. Chi-squared value denotes ratio is not
signiﬁcantly different from a 1:1 ratio.
Plant Germination (%) WTa Heta Homa Ratio Chi-squared
1 96 26 24 0 1:0.923:0 0.08 n.s
2 95 35 27 0 1:0.771:0 1.04 n.s
3 90 29 23 0 1:0.793:0 0.70 n.s
4 97 28 31 0 1:1.107:0 0.152 n.s
a Genotype at apk3.
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The phenotypes of the triple mutants were compared both to
WT and apk1 apk2 [6]. Firstly, we monitored the vegetative growth
of the mutants grown in short day controlled environment room
conditions over longer time periods (Fig. 1A). Fresh weight mea-
surements of whole rosettes at 2–3 day intervals revealed that
while Col-0 and Tr1 are very similar in their growth, apk1 apk2
was dramatically reduced in its growth rate as we had previously
observed [6]. The growth of triple mutants Tr3 and Tr4was slightly
but signiﬁcantly slower than that of apk1 apk2. This is evident inFig. 1. Growth phenotypes of apk triple mutants. Plants were grown in short day
CER conditions for 6 weeks. (A) Fresh weights of whole rosettes were measured at
2–3 day intervals. Data points are mean ± S.D. of ﬁve plants. (B) Growth phenotypes
of 5 week old plants.the image of 5 week old plants shown in Fig. 1B, as well as in the
difference in rosette fresh weights after 6 weeks.
Glucosinolates were determined in rosette leaves of 5 week old
CER grown triple mutants. No differences in total glucosinolates
(Fig. 2A) and any individual ones (data not shown) were observed
between Tr1 and WT. On the other hand, levels of both aliphatic
and indolic glucosinolates were reduced in apk1 apk2 similar to
previous observations [6]. Glucosinolates in Tr3 and Tr4were iden-
tical to the apk1 apk2 mutant (Fig. 2A).
We also measured the levels of the primary sulfur-containing
compounds cysteine and glutathione (Fig. 2B and C). Levels of cys-
teine were increased 2.5-fold compared to WT in all mutants ex-
cept for Tr1 where it was the same as WT (Fig. 2B). There were
no differences in the levels of cysteine between the apk1 apk2
and Tr3 and Tr4 mutants. Similarly, levels of GSH followed the
same pattern (Fig. 2C), with a two-fold increase in levels in apk1
apk2, Tr3 and Tr4 and no differences in Tr1 compared to WT.
In agreement with the increased thiol levels, activity of ATPS
was two-fold increased in the apk1 apk2 mutant as previously
observed and discussed [6], and this effect was even more
pronounced in both the Tr3 and Tr4 mutants (Fig. 3A). Adeno-
sine-50-phosphosulfate reductase (APR) activity on the other hand
was not so dramatically affected (Fig. 3B). The only genotype withFig. 2. Sulfur-containing metabolites in 5 week old rosette leaves of triple apk
mutants. (A) Total glucosinolates. (B) Cysteine. (C) Glutathione. Data are
mean ± S.D. of four biological replicates.
Fig. 3. Enzyme activities in apk triple mutants. (A) ATP sulfurylase activity. (B) APS
reductase activity. Data are the mean ± S.D. of 3 (ATPS) or 4 (APR) biological
replicates. Asterisks denote values signiﬁcantly different to WT at *P < 0.05 and
***P < 0.001.
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approximately 25% increase compared to WT.
4. Discussion
4.1. APK1 alone is sufﬁcient to support normal development
Under standard growth conditions, APK1 appears to be able to
supply all the PAPS needed for WT growth. Indeed, the appearance
of the Tr1 plants is indistinguishable from WT (Fig. 1B), and every
aspect of growth and metabolism we have evaluated reveals the
same result: no difference between WT and the Tr1 mutant. This
result is not surprising given that we already showed that APK1
and -2 are the main providers of PAPS in Arabidopsis [6]. What
was surprising, however, was the remarkable contrast between
the WT phenotype of Tr1 and the inability to produce Tr2. Tissue-
speciﬁc expression studies showed that while APK1 is expressed
throughout the plant, APK2 appears to have very speciﬁc areas of
expression i.e. the root tip, vasculature and the funiculus [6].
APK1 has a much more diffuse expression in the root, and is also
expressed in the pollen and leaves where APK2 is not [6]. Differ-
ences in the tissue speciﬁc expression may thus account for the dif-
ference between the ability of APK1 to provide PAPS for normal
growth and lethality of APK2-only genotype.
On the other hand, under standard growth conditions, APK1 is
dispensable. Plants lacking only this isoform are indistinguishable
fromWT and do not differ in accumulation of sulfated compounds.
An indication of the major role of APK1 comes, however, from the
analysis of sulfated jasmonate in the double apkmutants [6]. While
glucosinolates as the major group of sulfated compounds were af-
fected only in the apk1 apk2 plants, all double mutant combina-
tions lacking apk1 contained lower levels of sulfo-jasmonate [6].
4.2. APK3 and -4 are functionally redundant
Since in apk1 apk2 plants the two remaining isoforms provided
PAPS for some glucosinolate synthesis, we wanted to determine
whether this PAPS was synthesized by APK3, -4, or both. It was,
however, expected that APK3 and -4might have distinct roles giventhat they reside in different subcellular compartments: APK3 being
cytosolic and APK4 plastidial [6]. The viability of Tr3 and Tr4 plants
suggests that APK3 and -4 on their own are sufﬁcient to maintain
growth. The growth rates of the Tr3 and Tr4mutants were also very
similar to each other and were slightly lower than apk1 apk2
(Fig. 1A). Also visually these two mutants appeared very similar
to apk1 apk2, but slightly smaller (Fig. 1B). With respect to metab-
olites, again these two triple mutants performed very similarly to
apk1 apk2. These data indicate that both APK3 and -4 can function
alone in the supply of PAPS to the plant, despite being present in
different subcellular locations. In this respect thus the APK gene
family resembles other gene families involved in sulfate assimila-
tion, the serine acetyltransferase and O-acetylserine thiollyase
[3,4,19]. Isoforms of these enzymes are also present in multiple
compartments: the cytosol, mitochondria and plastids, however
disruption of single individual isoforms does not affect growth of
corresponding Arabidopsis mutants [3,4,19]. For serine acetyl-
transferase was shown that each isoform alone is capable of sus-
taining growth of Arabidopsis, albeit some not as efﬁciently as
others [4]. Thus the genetic redundancy within APK family seems
to be less profound than in the gene families encoding cysteine
synthase components.
4.3. The case for a plastidial PAPS transporter
The data presented above further support the existence of a
plastidial PAPS transporter in plants. The last steps of glucosinolate
synthesis including the sulfation by the SOTs take place in the
cytosol [20]. Single apk3 mutants contain normal levels of sulfated
glucosinolates, thus we already suspected that there must be
transport of PAPS from the plastid to the cytosol, since apk3 mu-
tants only have plastidial isoforms of APK [6]. However, in this
study we generated two mutants, Tr1 and Tr4, which possess only
a single plastidial form of APK. In both these mutants we found sul-
fated glucosinolates at WT levels or similar levels to those seen in
apk1 apk2, respectively (Fig. 2). We therefore conclude that there
must be a plastidial PAPS transporter to enable PAPS to be deliv-
ered to the cytosolic SOT enzymes. It is not known whether all
PAPS synthesized in plastids is transported to the cytosol or
whether it has a speciﬁc yet unknown function in plastids. The fact
that three APK isoforms are located in plastids despite a cytosolic
ATPS activity indicates that such function is possible. Since Tr3
plants with sole APK activity localized in the cytosol were viable,
the PAPS transport might proceed in both directions. Although
PAPS transporters have been identiﬁed in Drosophila [21–23],
and in mammals [24], no PAPS transporter has been demonstrated
in plants so far. However, the ﬁrst transporter of the aliphatic gluc-
osinolate biosynthetic pathway has recently been reported [25].
4.4. APK is essential for ﬁnishing Arabidopsis life cycle
We were successful in obtaining three of the four possible triple
knockout combinations of APK. Since we had shown previously
that APK1 and APK2 are the major PAPS-supplying isoforms, we ex-
pected these two isoforms alone to allow normal growth and
metabolism. However, whilst we obtained triple homozygous
knockouts with only APK1, APK3 and APK4 remaining, we could
not recover triple homozygotes for Tr2 after screening in excess
of 250 F2 individuals. Mendelian segregation selecting for two
recessive loci dictates that one in 16 F2 plants should be double
homozygote. We did not ﬁnd any triple homozygotes, but we did
ﬁnd double homozygotes at two loci and heterozygote at the third
from the original F2 plants. Four such individuals were selfed and
the progeny genotyped. In this case Mendelian segregation for a
recessive, non-lethal genotype would suggest that the progeny will
segregate with a ratio of 1:2:1 WT:heterozygous:homozygous at
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tically signiﬁcantly different to 1:1:0 (Table 2), a ratio that is ex-
pected for a pollen lethal genotype (described in [26]). Coupled
with the germination rate of greater than 90% for the progeny from
each individual these data suggest that the triple mutant combina-
tion Tr2 is pollen lethal.
This conclusion is further corroborated by expression analysis
of APK isoforms. We previously showed using promoter:gene:gfp
fusion constructs that APK1, -3 and -4 are very strongly expressed
in pollen, whereas there was no green ﬂuorescent protein (GFP)
ﬂuorescence visible in the pollen expressing the APK2PRO:APK2:GFP
construct [6]. Publically available data from the efp browser at the
University of Toronto (http://www.bar.utoronto.ca/efp/cgi-bin/
efpWeb.cgi) [27] also supports this observation (data not shown).
Based on these observations, it seems possible that PAPS generated
by APK activity is required for pollen viability. Therefore, in the Tr2
triple mutants, where APK2 is the only isoform remaining, there is
no APK activity in the pollen and the pollen is not viable. Thus, an
as yet unknown sulfated compound seems to be essential for
mature pollen, revealing a new biological role for sulfation in
plants.
Taken together, the data reported in this study indicate that APK
is essential for ﬁnishing of Arabidopsis life cycle, due to its activity
being required for pollen viability/germination. Furthermore, APK1
alone is sufﬁcient to support normal growth. APK3 and 4 are func-
tionally redundant, indicating that both plastidial and cytosolic
PAPS pools alone are capable of sustaining growth.
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